Recently published evidence for sequence repetition in potyvirus genomes prompted us to analyse the published complete genome sequences and coat protein gene sequences of viruses of this family for evidence of replication slippage. Five of nine complete genomic sequences and 17 of 3 2 coat protein genes had significant sequence repetitions. Most of these were in coat protein genes, although the 5' region of the turnip mosaic virus genome also showed evidence of slippage. The results suggest that replication slippage may be involved in the evolution of viruses, as well as prokaryotes and eukaryotes, and that slippage can occur in both RNA and DNA when it is being replicated.
The evolution of viruses has traditionally been considered to result from point mutation and recombination of subgenomic fragments, although it has been recognized recently that many viral genes also arise by overprinting of existing genes (Keese & Gibbs, 1992 , 1993 . In eukaryotes, a variety of other processes contribute to genome evolution, including unequal recombination and replication slippage (Dover, 1982; Tautz et al., 1986; Levinson & Gutman, 1987) .
Evidence has been presented recently that unequal recombination within the genome has contributed to the evolution of the coat protein of dasheen mosaic potyvirus (Pappu et al., 1994) . It has also been found that differences in length of the N-terminal portion of the coat protein of different potyvirus species result from repetitions that are up to 17 amino acids in length (Ward et al., 1995) . Such patterns of repetition raise the possibility that replication slippage might be involved in the evolution of the genes encoding these proteins. We have therefore analysed the sequences of 32 coat protein genes and eight complete potyvirus genome sequences for evidence of replication slippage using SIMPLE34, a program that identifies regions of clustered, short sequence motifs in nucleotide sequences [Hancock & Armstrong, 1994 ; the program may be obtained by gopher/ftp (IP 150.203.38.74 ; /pub/software/simple/) or URL (ftp://life.anu.edu.au/software/simple)].
SIMPLE34 examines nucleotide sequences and estimates the amount of repetition relative to random sequences with the same base doublet composition as the query sequence. This estimate is called the relative simplicity factor (RSF). It also generates an estimate of the level of confidence that this value is significantly greater than 1 (the value scored by random sequences), and identifies significantly simple motifs (SSMs), motifs that show a statistically significant degree of clustering, in a sequence locality 32 nucleotides 5' and 3' to them.
The simple sequence regions identified by SIMPLE34 elongate spontaneously by a slippage-like process in vitro (Schl6tterer & Tautz, 1992) . In vivo they are polymorphic and evolve by changing in length (Hancock & Dover, 1990; Hoelzel et al., 1991; Hancock, 1993) , probably by replication slippage (Levinson & Gutman, 1987) . Table 1 presents the results of our analysis of nine complete potyvirus genome sequences using SIMPLE34. Five of these sequences showed significant evidence (P < 0.05) of sequence repetition resulting from replication slippage during their evolution; two sequences, those from soybean mosaic virus and turnip mosaic virus, contained SSMs. In both of these viruses, SSMs were located within the coat protein-encoding region of the genome and in turnip mosaic virus they were also detected in the 5' terminus of the genome.
A larger number of potyvirus coat protein genes are available for analysis for the presence of sequence repetition. Thirty-two of these were analysed by SIMPLE34 (Table 1 ). The results showed that there were significant (P < 0.05) levels of sequence simplicity in 17 of them, nine of which reached the P < 0-003 level of significance.
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:~ Number of SSMs detected at the P ~< 0.10 level. § Sequences and numbers of SSMs within the sequences. Ward et al. (1984) demonstrated that in some potyvirus species there is clear sequence repetition in the coat protein on the C-terminal side of the N-terminal -DAGmotif, which is responsible for aphid transmission (Baulcombe et al., 1993) . The gene sequences corresponding to that region in five out of nine of those virus species (bean common mosaic, Johnson grass mosaic, maize dwarf mosaic, sugarcane mosaic and papaya ringspot viruses) also showed significant levels of nucleotide sequence simplicity. The remaining four species, barley yellow mosaic, plum pox, pea seed-borne mosaic and turnip mosaic viruses, had no significant nucleotide sequence repetition. This suggests that the amino acid repetitions resulted from slippage events so ancient that patterns of nucleotide sequence repetition have become obscured by subsequent point mutation. This effect of point mutation and a redundant code has also been suggested to have occurred during the evolution of the eukaryotic TATA-binding protein (Hancock, 1993) .
The repetitive sequence in the N-terminal region of the dasheen mosaic virus coat protein comprises, in part, three tandemly arrayed imperfect repeats of a 10 amino acid (30 base) unit (Pappu et al., 1994) . Repetition of a sequence unit of this size is unlikely to have arisen by slippage (Levinson & Gutman, 1987) and, in eukaryotes, would be most likely to have arisen by unequal crossingover. Thus, it seems possible that the sequence is evidence of intragenomic recombination in potyviruses (Pappu et al., 1994) . However, the repetitive sequence region of dasheen mosaic virus extends beyond this region of tandem repetition and the individual repeats themselves are internally repetitious. This suggests that the region, which includes glycosylation signals, was originally derived by slippage. If these signals were generated by the slippage event, then they may have been favoured subsequently by selection and further spread by unequal intragenomic recombination mechanisms. Such a pattern of unequal recombination superimposed upon slippagegenerated motifs would be similar to that seen in control regions of the mitochondrial DNAs of elephant seals and other carnivores (Hoelzel et al., 1993; Hoelzel, 1994) .
Of the 64 possible triplet motifs, only 19 are found as SSMs in these sequences. Furthermore, the most common, in terms of the number of separate simple sequence regions in which they were found, were the overlapping motifs ATG and TGG. AAA was also frequent, especially in papaya ringspot virus. These results suggest substantial bias in the incorporation of simple sequence motifs during the evolution of these viruses. Studies on the frequencies of SSMs in eukaryotic and prokaryotic genomic sequences have shown that AAA and TTT are the predominant SSMs in non-coding regions subject to relaxed levels of selection, probably reflecting the ease with which they undergo intra-strand displacement. By contrast, the frequency distributions of SSMs in coding regions are more variable between species and are apparently strongly constrained by selection (Hancock, 1995) . Comparison of frequencies of SSMs in the potyvirus sequences with those in coding and non-coding regions of three eukaryotes (Homo sapiens, Caenorhabditis elegans and Saccharomyces cerevisiae) and two eubacteria (Escherichia coli and Mycobacterium leprae) by correlation analysis showed no significant correlations except for a weak correlation (r = 0-28, P < 0"05) with yeast coding sequences. The SSM frequencies seen in potyvirus sequences are therefore likely to be the result of the filtering of products of slippage by selection.
The data suggest that a process, which is very similar to the replication slippage seen widely in eukaryotic and to a lesser extent in eubacterial genomes, also contributes to the evolution of potyvirus genomes, and that the products of slippage in potyviruses have been co-opted to novel functions, as appears to have happened in higher eukaryotes (Treier et al., 1989; Hancock, 1993) . This is of interest not only because it represents a previously undescribed mode of evolution for virus genomes, but also because DNA is not involved in the potyvirus life-cycle. These results add to the evidence (Nagy & Bujarski, t995 ) that strand displacement can take place between complementary strands of replicating RNA genomes as well as in DNA genomes, with similar mutational and evolutionary consequences.
